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Foreword

This final report describes a research effort on the preparation of
Bi3.xLuxFe5O12 garnet films by liquid phase epitaxy. The films have direct
applications to magnetostatic wave (MSW) devices used in channelized receivers for
microwave technology. The origins of this investigation are associated with work by the
Optical Information and Signal Processing Group at the Naval Research laboratory. Dr.
John N. Lee served as contract monitor and technical coordinator for the various program
activities. The report describes research performed during the period of October 1, 1989
to May 1, 1992 under the issued contract number N00014-89-C-2228.

All film growth for this program was performed in the laboratories of Airtron
Division of Litton Systems Inc., 200 E. Hanover Ave., Morris Plains, NJ 07950. The
research was under the direction of Dr. Roger F. Belt with Dr. John B. Ings serving as
senior scientist. Outside measurements were performed by Dr. J.C. Butler of the
Electrical Engineering Department, University of Delaware, Newark, Delaware 19716.
Thanks are also due to Professor JJ. Kramer of the University of Delaware and Dr. Sal
Talisa of Westinghouse for helpful discussions on linewidth and passband microwave
data. This report was prepared by Roger Belt and John Ings. It was released for
distribution in July, 1992.
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1.0 Introduction

The problem of intercepting and separating several time-coincident signals

simultaneously can be solved by channelized receivers. The application of this

technology to RF, microwave, and millimeter waves has been reviewed recently.(1)

Particular attention has been given to magnetostatic wave (MSW) devices and

phenomena.(2 ) The diffraction of guided optical waves in thin films of YIG by

magnetostatic waves (MSW) is promising for large time-bandwidth signal processing

devices in the 1-20 GHz range. Mode conversion between a TM and TE waveguide has

also been demonstrated.( 3 ) New applications for integrated-optic rf spectrum analyzers,

deflectors, and switches appear to be possible. In order to increase the efficiency of these

devices and decrease the interaction length to a few cm, it is essential to have a material

with high Faraday rotation at the optical wavelength. In addition, for low loss

microwave devices, the resonance linewidth must be as low as possible. The preparation

of ferrimagnetic bismuth containing single crystal films of YIG offer one possible

solution to the stringent material demands. However, great difficulty has been

encountered in the routine preparation of these films and few research efforts have

addressed the problems.

In 1988 Tamada and coworkers (4) were the first to investigate optical mode

conversions induced by MSW in (BiLu) 3Fe5 O1 2 films. A few years later Butler, et.

al.( 5 ) investigated some of the fundamental microwave and magneto-optic properties of

Bi YIG films. In a continuing effort to develop high efficiency devices with the Lu

containing films, this program examined the growth parameters more closely to attain

high quality films on one inch diameter substrates. Samples obtained from Tamada and

examined at NRL showed optimum effects only in localized small areas of his films.

The Bi - -ntaining films are co-doped with Lu in place of Y in order to obtain high

Faraday rotations with substantial lattice matching to GGG substrates.

2.0 Experimental



2.1 Film Growth

Films of Bi3.XLuxFe5O12 single crystal garnet with X = 2.17 were grown by the

horizontal dipping method of liquid phase epitaxy. One inch diameter substrates of GGG

were used. These were grown and polished to standard ASTM/SEMI specifications on

both sides of the wafer. Films were grown singly using the composition described by

Tamada.(4) This composition is unique in that only Bi 2 0 3 is used as a solvent and no

incorporation of Pb can occur. The latter can cause increased optical absorption and

FMR linewidth. Fluxed melts are usually described by various ratios of their

constituents. Thus in our melts we define

RI = Fe2 0 3 /Lu2O3 = 7.73

R4  = (Fe2 03+Lu2 O3 )/Fe2 0 3 +Lu2O3 + Bi2 0 3 = 0.17

R1 6 = MgO/(2Fe2 O3 +MgO) = 0.000 to 0.47

Films were grown from 2 inch diameter x 2 inch high cylindrical crucibles fabricated

from platinum. Some films were also grown in very low gradient melts contained in 4

inch diameter x 6 inch high crucibles.

All of the chemicals used in formulating our melts, Bi2 0 3 , Fe2 0 3 , Lu2 0 3 , and

MgO were 99.99% purity or better. The Bi2 0 3 was free of lead and the .u2 0 3 was

devoid of any other rare earths which may cause significant broadening of the film's

FMR linewidth (AH). The general procedures and equipment for film growth were

explained more fully in a previous reference.( 6 ) Our films were grown at a temperature

of 814-8170C with special emphasis on attaining a near X-ray lattice constant match

between the film and the GGG substrate. The substrate rotAl rate was 100 rpm during

growth with a rotation reversal rate of five seconds. Growth rates were rather slow at

0.4-0.6 tLm/minute in order to obtain high film quality. The film thickness was

controlled in the range of 1-10 Rtm. A few special films were grown under conditions

which were unique for growth rate, melt temperature, or drift in melt temperature with

time. These were chosen in order to (1) Minimize the appearance of any zompositional
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transition layer between substrate and film. (2) Minimize the appearance of the LuFeO 3

or BiFeO 3 orthoferrite phases which may introduce defects and cause broadening of AH.

(3) Obtaining nearly exact lattice constant matches to prevent high strain or cracking in

the films.

2.2 Measurements

Several measurements were made on film properties to control growth

reproducibility and device response. Most of these techniques were developed earlier

during the course of magnetic bubble memory research. A good survey on standard

methods has been recorded by Josephs.( 7 )

The film thickness was measured by an optical interference fringe technique. The

uniformity of thickness was also observed over the entire area of the one inch diameter

film. It should be noted that film thickness can also be estimated by direct weighing of

the sample before and after growth. A knowledge of the amount of material removed

from the melt is helpful to replace the exact weight of compnents and return to the same

initial composition. The index of refraction of the composition is needed for accurate

thin film analysis. This value was estimated from other bismuth garnets ofte equivalent

compositions. Little error is made in this approximation.

The X-ray lattice constants of the film relative to the G-G substrate were

measured on a diffractometer by using reflections from (888) high angle planes. All of

the substrates possessed the same lattice constant as indicated by reproducible 20 angles.

The films' lattice constant could be calculated by measuring peak differences due to the

Ka, lines and their separation. Both substrate and film could be recorded on the same

diffractometer trace because of the jtm film thickness. Films were grown lattice

matched, in tension or in compression depending on the films' cell constant, af, compared

to the substrate, as .

Another important film parameter is the mean growth rate which is defined by the

film thickness divided by the total growth time.
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Defect densities were determined by microscopic examination over the entire area

of a film. Visible defects to a resolution of about 1 tL are counted. These included

dislocations propagated from the substrate, bubbles, inclusions of platinum, bismuth, or

orthoferrites, "footprints" from flux residues, particles, or other phases imbedded in the

film surface, and scratch damage.

Optical absorption of the samples was measured with a Cary Model 17

Spectrophotometer. Some samples were also checked on a Nicolet Model 20-DXB FT

infrared spectrometer.

The Faraday rotation was measured by a nulling method which employed a laser

source, polarizer, analyzer, and suitable detectors. Our apparatus was constructed by

Optics for Research of Caldwell, NJ. The samples were placed in sufficient magnetic

fields to saturate the magnetization.

Resistance measurements were performed by a four point probe technique.

The ferromagnetic resonance linewidth, AH, was determined at 9.1 GHz by

means of a non resonant method consisting of a short circuited waveguide. This is

generally suitable for a large signal and small AH. The methods developed by Takeda

(8) and Adam (11) were particularly applicable since they can be non destructive on

small areas of large wafers. Furthermore they are quite sensitive to the presence of

defects in the films.

Passband measurements were performed on our films with equipment at

University of Delaware and Westinghouse Research. These measurements are essentially

loss as a function of frequency where the frmer is measured by appropriate transducers

spaced from the film. The film is under an applied perpendicular bias field of 2-4 kG

where a forward volume wave is utilized. The film is acting as a single channel element

with the measured loss due only to the material. Comparisons can be made readily to

low linewidth pure YIG films.

3.0 Results and Discussion
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3.1 Films with Low Optical Absorption

The first film growth approach was to duplicate the work of Tamada, et. al (4)

who reported the growth of (BiLu) 3 Fe5O5 films with low optical absorption (< 1 db/cm)

and low ferromagnetic resonance linewidth (< 10 e). They controlled the optical

absorption by small amounts of MgO expressed as a R16 ratio equal to [MgO/(2 Fe2 03

+ MgO)] X 100. The Mg 2 + ions compensates the charge of the Pt4 + ions that are

introduced due to growth in platinum crucibles. Otherwise Fe2 + ions are formed which

broaden the linewidth.

When efforts were made to reproduce Tamada's work using melt 1 tabulated in

Table 1 it was found that the solidified flux damaged the films upon removing them from

the furnace. As seen in Figure 1 the Bi2 0 3 flux partially wets the magneto-optic film.

After removing the flux with acetic acid the film shows a damaged area where the flux

used to be (Fig 2). A 200X reflected light optical examination seen in Fig 3 of the edge

of the damaged area shows damage to the film caused by the solidifying flux. An

examination of the damaged area by scanning electron microscopy (Fig 4) shows that 10-

30Rtm size pieces of the film are ripped off the substrate. To circumvent this problem a

series of films were grown (films AA-54 through AA-69 in Table 2) using different

techniques to encourage the draining of the flux prior to pulling the film out of the

furnace and solidifying the flux. Using substrate tilt angles up to 120 and holding the

post-grown film above the melt shortly after growth to drain the flux off was moderately

successful. Figure 5 is a IX photograph of a film grown out of a R'6 = 0 melt using a

120 tilt on the holder. The residual flux droplets tend to be located near the edges of the

film. When the R'6 coefficient is raised to 1% by adding MgO to the melt the flux

becomes substantially more non-wetting and the flux removal problem was lessened.

Figure 6 is a photograph of a film grown from a R'6 = 1% melt using the same technique

as the film in fig 4. It can be seen that the flux removal is more complete. Since the film

was damaged under the residual flux droplets a substantial portion of the film is usable.
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Table 1. Melt and growth conditions for the Bi203 fluxed growth of
(BiLu)3Fe5O12 films to duplicate the work of Tamada, et. al.( 4 )

Amount in grams
Melt Melt Melt Melt Melt Melt

Chemical 1 2 3 4 5 6

Bi203- 466.0 466.0 466.0 466.0 466.0 466.0
99.999%

Fe203 - 99.99% 28.9 28.9 28.9 28.9 28.9 2.9

Lu203 - 99.99% 9.6 9.6 9.6 9.6 9.6 9.6

MgO - 99.99% 0.0 0.15 0.23 0.30 0.39 0.47

R6 1 in mole % 0 0.15 0.23 0.30 0.39 0.47

Growth temperature to 814 815 815 816 817 817
lattice match film to

substrate

Substrate rotation rate 100/5 100/5 100/5 100/5 100/5 100/5
during growth rpm/

reversal time in
seconds

Growth rate 0.66 0.58 0.44 0.42 0.40 0.38
gm/min.

6
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Figure 1. 1.3X photograph of magneto-optic film with partially

wetting Bi 2 0 3 solidified flux mound.

Figure 2. 1.3X photograph of magneto-optic film after the Bi 2 03
flux has been removed by acetic acid.
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Figure 3. 200X reflected light micrograph of area under flux mound
showing damage to the magneto-optic film. The undamaged

film is in the upper right hand comer of the micrograph.
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Figure 4. A 1000X secondary electron micrograph of the surface of a
magneto-optic film showing pieces of the film ripped off the

substrate when the Bi 2 0 3 flux solidifies.

I

Figure 5. IX photograph of a magneto-optic film showing residual flux
droplets. The film was grown from a Bi 2 0 3 flux with a R6 = 0 using a
120 tilt on the substrate and 800 rpm spin off to facilitate flux removal.
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Furthermore increasing the MgO content of the melt up to R'6 = 3.1% did not

substantially affect the flux removal. Once the problem of flux removal was

circumvented a series of films were grown using increasing amounts of MgO in the melt

(9 films AA-71 through AA-96 in Table 2). For each R'6 composition at least one thin,

circa 3Rm, and one thick circa 7ttm film was grown to determine the coefficient of

optical absorption at 1300nm using the method of Takeuchi, et. al..(9 ) The thin film was

also prepared for ferromagnetic resonance linewidth measurements by polishing off the

back side film and cutting the film into lx2mm pieces with a precision diamond dicing

saw. The FMR linewidth was measured at 9.1 GHz by insertion into a terminated

waveguide. The FMR samples were then annealed at 8000 C for four hours in flowing

oxygen and then the linewidths were remeasured to study the possible affect of oxygen

vacancies on FMR linewidths. Later Tamada, et. al., (10) would report a modest

lowering of FMR linewidths with the same composition upon annealing in an ozone

atmosphere.

3.2 Flux Problems

A second film growth approach was undertaken to try to correct the problem with

surface damage to the film by the adhering flux. J.D. Adam, et. al.,( 1) reported surface

roughness or damage degraded the microwave pass bands in YIG films which prompted

the consideration of a Bi2 0 3 -Na2 O flux which was known not to damage magneto-optic

film surfaces.( 6 ) A series of films were grown (films AA-120 through AA-128, Table 2)

to adjust the melt temperature to lattice match the film to the substrate. The melt used is

identified as melt 7 in Table 3. It was noted that the Tamada formulation resulted in the

precipitation of the LuFeO 3 orthoferrite phase along with the garnet phase. A series of

films were grown (AA-133 through AA-144 in Table 2) to adjust the R1 value from the

Tamada value of 7.5 to an RI value of 12 which did not precipitate the orthoferrite

phase. The R'6 value of this melt was 1.1% which is the minimum in optical absorption

at 1300nm. This melt, melt 8, is also given in Table 3. Once the melt composition and

15



Figure 6. 1.5X photograph of film grown from a R6 = 1% melt using the
same growth technique as in figure 4. The increase in MgO content of

the melt has lessened the problem of flux removal by making the flux more
non-wettable, and therefore easier to remove from the film surface

by rapid spinning.
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growth parameters were established a series of films circa 5Jtm thick and nearly lattice

matched were grown for pass band measurements at NRL and Westinghouse. A special

effort was made to keep the growth rate constant by keeping the growth temperature as

constant as possible during growth. In addition efforts were made to grow nearly defect

free films as growth defects were known to affect FMR linewidth.( 9 ) For this series of

films a new melt was utilized identical to melt 8 except when the melt was being

formulated oxygen was blown into the melt via a platinum tube. It was believed this

could reduce some of the Pt4 + uptake in the film. All Bi 2 0 3 based melts attack the

platinum crucibles to a certain extent. Films DD-5 through DD-51 in Table 2 were

grown for these passband measurements. Of these films five films listed in Table 4 were

growth and substrate defect-free. These films were grown under carefully controlled

conditions such that the melt temperature did not drift more than 0.90C over a 25 minute

long growth run. Every cm2 of each of these films were examined under 200X optical

microscope and were determined to be entirely defect-free. These were put forth as the

best films to be examined for passband measurements.

3.3 Growth Rate Modifications

The third approach to the film growth was selected when the passband

measurements on some of the best films grown to date turned out to have poor

passbands. A decision was made to grow the films as rapidly as possible and as slow as

possible with the understanding that the film to substrate lattice mismatch would suffer.

The approach was selected due to the belief the transition layer, known to exist in

magnetic films grown by the liquid phase epitaxy method, could be causing spin wave

coupling which deteriorates the passband.(11) A decision was made to grow both rapidly

and slowly to vary the width of the transition layer. It was hoped some insight could be

gleaned from the effect of growth rate on the passband.

The next series of films (films DD-81 through DD-93 in Table 2) were grown

from melt 10 listed in Table 3. The goal was to grow slowly. A rotation rate of 5-10

17
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rpm was used. This was suggested by H. Huahuri, et. al.,( 12 ) who prepared

Lu2 .15 Bi0 .8 5 Fe5 0 12 films with a reported FMR linewidth of 0.5 Oe and a bandwidth of

400MHz at a frequency of 4.0 GHz. The last films in this series, grown between 0.11

and 0.15ttm/min., were very much in tension and cracked due to the lattice mismatch

*0 stress. In films DD-130 and DD-133 the rotation rate was lowered to 25 rpm with no

reversal to further flow down the growth rate. These films grew at 0.11Rm/min. Film

DD-130 had only a total of 18 defects per total film area (3.5 defects/cm2 ) and is an

* excellent film to test the hypothesis of slow growth. Film DD-133 broke in two equal

*0 pieces. Film DD-138 was grown at a rotation rate of 10 rpm with no reversal to further

slow down the growth rate. It grew at 0.06I&m/min. but the film was badly cracked due

* to the tensile stress. In films DD-140 through DD-143 an effort was made to rapidly

0 grow the films. This effort was not successful due to the age of the melt. A significant

amount of platinum precipitate had formed on the bottom of the melt causing the melt

0 prematurely to nucleate. The melt was then dumped.

3.4 Film Quality and Defect Study

The fourth film growth approach was to go back to Tamada's (4) original work

and grow the best quality Na 2 0 and MgO - free films possible. The films from DD-151

through KK-27 in Table 2 were grown using this approach. The problem encountered

early in this study with the flux damage using the Bi2 0 3 melt resurfaced. A larger

* 1.5 kg melt was used in a larger epitaxial furnace to add more flexibility in the film

growth. Several tilt angles were used. In the first study films AA-54 through AA-69 in

Table 2 used a 120 tilt angle to facilitate flux drainage. Here 450 and 900 tilt angles

40 were t.mployed using specially designed holders which could only be used in a larger

furnace. The approach met with only marginal success. Most of the films either cracked

or suffered substantial damage to the film surface, often so bad as to make film thickness

measurements by the optical interference method impossible. A few films, however,

such as KK-24 and KK-27 were useful for passband measurements.

20



The fifth growth approach was to grow circa 1.8.tm thick films with as much Bi

substitution as possible. In this scheme the magneto-optic film would only be used to

carry the optical signal. The magnetostatic wave would be propagated in a separate YIG

film held in close proximity. A series of films were grown from a Bi2 0 3 -Na 2 O melt and

a R'6 value of 1.1. This composition was selected, as it gave a minimum in optical

absorbance at 1300nm and good film quality. Films KK-36 through KK-50 in Table 2

were grown in this series. Since the film thickness was small, substantially more Bi 2 0 3

could be forced into the film before the film quality degraded. Films KK-37, KK-38,

KK-44, KK-45, KK-46 and KK-47 are candidates for use in devices. Some of these

films have a surface roughness associated with excessive lattice strain but can be polished

flat for device work.

The sixth growth approach involved the intentional introduction of defects into

the magneto-optic films. Experience with growing YIG films has shown that large

numbers of defects are needed before there is a moderate effect on FMR linewidth.(1 1)

It was of interest to investigate the possible role of a range of sizes of growth induced

defects had on the linewidth and passband. Various methods are possible for the

controlled introduction of defects into magneto-optic films.( 1 3) Defects were introduced

into a series of films (DD-97 through DD-143 in Table 2) by forcefully blowing a spray

of carefully sized diamond grit against a substrate prior to growth. Diamond sizes of 1/4,

1, 3, 9, and 30Am were employed to introduce a range of sizes of subsurface damages in

the substrates. Upon subsequent growth the subsurface damage in the substrate results in

growth dislocations in the film. The size of the defects were documented and the film

sent out for passband measurements.

The first series of films grown using the Bi2 0 3 flux was duplicated from the

work of Tamada, et. al..( 4 ) In Table 5 it can be seen that the minimum in optical

absorption occurs at different R16 values depending on the wavelength. For a

wavelength of 1152nm, the wavelength used by Tamada, the minimum in optical
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absorption occurs at an R16 value of 2.0. This is in agreement with Tamada who also

reported a minimum in optical absorption at 1152nm at an R1 6 value of 2.0. For

1300nm the present study finds a minimum in optical absorption between an R16 value

of 1 and 1.5%.

It was also noted that as the R16 value was increased from R16 = 0 to 3.1. The

growth rate dropped from 0.66 to 0.381m/min. under similar supercoolings. This was

similar to that reported by Roode and Robertson (15) who did the early work in the area

of growth inhibitors for bubble memory films.

The FMR linewidths of the films grown with the various R16 values are given in

Table 6, for both the as grown state and annealed in 02 for four hours at 8000 C. No

apparent trend could be seen from the data connecting the R16 value with the FMR

linewidth. A comparison of these values to Tamada's data (Table 6) shows the linewidth

values in this study were higher than Tamada's values even though the film growth

parameters were apparently similar. The samples in Table 5 were sent to NRL for

passband measurements.

The series of films grown from the Bi2 0 3-Na 2 O flux did not suffer the damage

to the film surface that the film did from the straight Bi2 0 3 flux. The Bi2 0 3 flux upon

cooling ripped off small pieces of the film (circa 10tm) off the substrate. The same was

true of the Bi2 0 2 -Na 2O flux if the flux was not adequately spun off. If a thick layer of

flux remained when the flux cooled it also damaged the film. The Bi2 0 3 -Na 2O flux,

because of its wetting nature, can easily spin off so as to leave only a thin layer of flux.

This flux, upon cooling, tends to spall off the film surface without damaging the film.

Of all the films grown from the Bi2 0 3 -Na 2O flux, five films in Table 7 were hand

picked to be best and were sent to NRL in May, 1990 for FMR passband measurement.

The entire area of these films were examined under a 200X optical microscope and were

found to be absolutely free of defects above 0.5 to lgItm in size. Film DD-41 had two

defects related to minor subsurface damage in the substrate. The temperature drift during
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Table 5. Effect of R1 6 value on the optical absorption and growth
rate of (BiLu)3Fe5O1 2 films.

Total 2
Mole % Sided Growth
MgO in Thickness a cm"1  a cm"1  Rate

Sample Melt l at 1300nm atI.5nm (BRAf01

AA-61 0 18.4 121 133 0.66

AA-69 0 8.8 121 133 0.66

AA-71 1 15.3 0 58 0.58

AA-71 1 6.5 0 58 0.58
Etched

AA-74 1.5 11.8 0 43 0.44

AA-76 1.5 6.4 0 43 0.44

AA-78 14.7 170 0 0.51

AA-81 2 7.1 170 0 0.51

AA-83 2.7 10.6 93 390 0.40

AA-86 2.7 5.7 93 390 0.40

AA-91 3.1 7.6 148 202 0.38

AA-96 3.1 13.8 148 202 0.38
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Table 6. Comparison of the ferromagnetic linewidth of films grown in this
study and by Tamada.( 16 ) Both were grown under apparently

the same conditions.

Airtron 02
Airtron annealed - 4hr Tamada

R16 Value As grown 800C (Ref. Q

0 1.5 2.5 1.7

1 3.0 3.0 1.0

1.5 0.9

2 2.8 2.5 0.8
interpolated

2.7 3.3 3.0 0.8
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minute run was held to + 0.50C. These films represented the best of the films grown

during this study. The passbands of two of these films (DD-43 and DD-49) were

measured at Westinghouse and, as can be seen in Figures 7 and 8, were extremely poor.

The top trace was the return loss and the bottom trace was the insertion loss. A passband

trace of a YIG film that worked well in a MSW device is given in Figure 9 for

comparison. It was clear that the (BiLu) 3 Fe5 O1 2 films grown by the best techniques in

this study had poor passbands. Of all the passbands measured only three films stand out

as having any insertion loss. These films were DD-10, DD-25, and DD-33. Of these

films only DD-33 (Figures 10 and 11) improved after etching off 0.3pm of the film

surface. Another film (DD-49) did not improve upon etching off 0.1plm. The before and

after etching passbands can be seen in Figures 12 and 13. Film DD-10 (Figure 14) did

improve slightly upon annealing for 72 hours in 02 at 850 0 C but many others did not.

Of the three films mentioned the substrate lattice mismatch varied from 0.002 A in

tension to 0.014 A in compression. Clearly an even larger variation in lattice mismatch

does not affect the passband measurements. In addition the five films selected as having

absolutely zero defects and grown under the best melt temperature drift conditions had

some of the worst passbands. Clearly the traditionally controlled film growth properties

as lattice mismatch, defect density, linewidth, and lattice constant variation within the

film thickness do not significantly affect the MSW passband. The linewidths measured

nondestructively on these films using the method of Adam, et. al., (17) were in the range

acceptable for YIG MSW devices. The FMR linewidth of a typical film grown from the

Bi 2 0 3 -Na 2 O flux (film AA-144) was 1.5 and 0.7 Oe depending on the resonance

measured. The FMR spectra for this film is given in Figures 15, 16, and 17. Figure 15 is

the spectrum taken from 5250 to 5750 Oe showing all the resonance. Figures 16 and 17

are close up traces of the resonances labeled 1 and 2 in Figure 15.

It is interesting to speculate on why bismuth containing films have bad passbands

while YIG films can have very good passbands. It may be due to the intrinsic nature of
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bismuth in these films such as the development of a wider transition layer than is present

in YIG. Discussion of the presence of transition layer and its possible effect on

passbands can be found in Adam, et. al.(1 7). Another possibility exists however.

Given the fact that only a small section of one film grown by Tamada (18) had a

good passband and one film grown in this study (DD-33) after 0.3gm was etched off the

outer film surface had a fair passband. The clue may lie in the condition of the outer

most layer of film as suggested by Adam.(1 7 ) A major difference between the bismuth

containing magneto-optic film grown from the Bi 2 0 3 -Na 2O flux and YIG grown from a

PbO-B2 0 3 flux is in the wettability of the flux on the film. Bi2 0 3 -Na 2 O flux

completely wets the film. As the film is withdrawn from the melt, excess flux was spun

off but 1/2mm or so of flux still remains. It is known from the growth of

Bi 0 8 Tm0 .14Pb 0 0 6 Fe3 1 Ga1 .9 0 1 2 thin films for aircraft crack detection devices done

in this laboratory that about 0.5 pm of extra film grows under the flux layer upon

extracting the film from the melt. In the (BiTm) 3 (FeGa)5 0 12 films this layer has a

different lattice constant from the bulk depending on the cool down rate. When films are

cooled very slowly the outer layer of film can be substantially in tension. When very

rapidly cooled the film is usually 0.002 A in compression. According to Adam (17) the

formation of an outer film layer could cause coupling of the magneto static waves to the

spin wave modes. One solution to this is to polish or etch off at least 0.5.Lm of film.

This was substantiated by the improvement in passband of film DD-33 before and after

removing 0.3tpm (Figures 10 and 11) compared to no change in passband with film DD-

49 when only 0.1ttm was removed. The poor performance of films grown from the

Bi 2 0 3 flux (Figures 12 and 13) could be due to the fact that this flux badly damaged the

outer surface of the film by ripping out circa 10prm chunks out of the film surface. In

contrast YIG films grown from a PbO-B 2 0 3 flux when the flux is completely non

wetting do not experience this continued growth during film extraction from the furnace.

When it was realized that the films grown in this study used a slow pull up procedure it

35



S

S

S

S

S

S

U

S
I-

U*

*
I-
U

0
* "1*

S
~b4*
0
I-

Lu
*

S
IA

*

S

S

S

S

S

S 36

S



00

0

In,

S S

370



0

4-
0

0

I..-4

380



would be prudent to polish off 0.5 to 1Rtm of film of the films and retest the passband.

Etching the film surface is not recommended as the size of any growth defect or

subsurface damage encountered during handling the film would get larger upon etching.

The last film growth run made under our program used the highest purity starting

materials available. The compositional data are recorded in Table 8 where again the

MgO was added to reduce optical loss. Seven films were grown with the measured

properties listed in Table 9. Thicknesses of 1-21m were desired but they were very

difficult to control with the viscous Bi 2 0 3 since the film continues to grow in the

presence of flux even after extraction from the melt. A low growth rate was also chosen

in order to get high film quality. All films were grown with an X-ray lattice constant

mismatch in high compression. This was done to introduce the maximum amount of

Bi3 + into the film for high Faraday rotation. An approximate value for x in the formula

Bi3.xLuxFe5Ol 2 can be obtained from lattice constant data. For a compression of 0.07

A, x is around 1.55 while at lattice match (12.383A) x is 2.17. At the writing of this

report, no data were available on the microwave passbands.

4.0 Conclusions

A thorough study was made on the growth of one inch diameter films of

Bi3.xLuxFe5Ol2 on GGG. The introduction of Mg 2 + provided low attenuation in the

near infrared coupled with low AH. Particular difficulties were experienced with Bi2 03

fluxes for solvents. Inclusions of Pt and orthoferrites, flux adhesion to the surface, and

ordinary defects were circumvented to give high quality films. In spite of these

precautions, poor MSW passbands were obtained with these films. Attention was

devoted to growth rate of films. No firm conclusions could be correlated with rate or

speculative transition layers. Efforts were devoted finally to obtain the best overall film

quality, both internal and free of surface faults. Even the films with the best surfaces

failed to give good passbands. Since the MSW waves are bulk volume waves, it is

thought that some unknown defects, arising uniquely from Bi2 0 3 fluxes, must still
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Table 8 Melt Composition for Final Growth Run

Chemical Amount (P- Purit M%

Bi2O3  745.0 99 .999

Na2 CO3  51.6 99.999

Fe2O3  46.1 99.999

Lu2 O3  9.6 99.999

MgO 0.26 99 .999

S4



Table 9 Properties of Grown Films

Film X-ray Film Growth
Number Mimah L(A)a Thicns(l&m R

KK-37 0.065C 6.00 0.85

KK-38 0.076 2.70 1.3

KK-43 0.085 2.00 1.0

KK-44 0.072 1.10 0.5

KK-45 0.064 0.85 0.4

KK-46 0.030 0.94 0.2

KK-47 0.062 1.60 0.2

(a) All films were in compression, i.e., af > as where af is the film and as
is the substrate lattice constant.
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contribute to quality problems in spite of low AH values. Our data are consistent with

other workers who prepared these films.

5.0 Recommendations

The failure of high quality films to give good MSW passbands has been a minor

disappointment. It is difficult to recommend the growth of more films. It would be more

fruitful to examine current films for growth anomalies such as defects, layers, or

discontinuities in structure. These must be unique to the use of the Bi2 0 3 fluxes and of

course have little or no influence on the resonance linewidth. The loss mechanisms in

the Bi-Lu films must be different from those in pure YIG films. It points out the fact that

MSW wave propagation and the device physics are quite complicated and need to be

examined further before applications for channelizers are considered.
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